Heterogeneous nuclear ribonucleoprotein D0 (hnRNP D0) is an abundant, ubiquitous protein that binds RNA and DNA sequences specifically, and has been implicated in the transcriptional regulation of the human complement receptor 2 gene. We found that in i o expression of hnRNP D0-GAL4 fusion proteins increased the transcriptional activity of a GAL4-driven reporter gene, providing direct proof that hnRNP D0 possesses a transactivator domain. We found, using truncated hnRNP D0 proteins fused to GAL4, that 29 amino acids in the N-terminal region are critical for transactivation. We established, using a series of recombinant truncated hnRNP D0 proteins, that the tandem RNA-binding domains alone were not able to bind double-stranded DNA. Nevertheless, 24 additional amino acids of the C-terminus imparted sequence-specific DNA binding.
INTRODUCTION
Heterogeneous nuclear ribonucleoprotein (hnRNP) D0\AUF1 proteins are present in most, if not all, cell types and are encoded by a single gene [1, 2] . Four isoforms are generated by alternative splicing of exon 2, which encodes 19 amino acids, and exon 7, which encodes 49 amino acids [1] . The human and murine proteins are 97 % identical, suggesting an evolutionarily conserved function for hnRNP D0 [2] . hnRNP D0 has been implicated in the regulation of mRNA stability by recognizing AU-rich elements present in the 3h untranslated region of several mRNA species [3, 4] , and also binds the telomeric repeat and the 3h splice site sequence [5] . The B isoform of hnRNP D0 recognizes a motif in the promoter region of the human complement receptor 2 (CR2) gene [6] and co-precipitates with the TATAbinding protein (TBP), suggesting that it may represent a transcription factor [7] . Recently, hnRNP D0B has been identified as a component of the B-cell-specific DNA-binding factor LR1, which binds to the immunoglobulin heavy chain switch region and also activates transcription [8] [9] [10] [11] .
hnRNP D0 is a member of the 2iRBD-Gly protein family, members of which contain two highly conserved RNA-binding domains (RBDs) in tandem and a Gly-rich region in the Cterminus [12] . Other members of this family in humans include E2BP [13] , hnRNP C-type protein or DL4 [14] , JKTBR [15] , hnRNP A1 [16, 17] , hnRNP A2\B1 proteins [16, 18] and hnRNP E0 [12] . hnRNP D0 differs from hnRNP A1 and hnRNP A2\B1 proteins in its unique N-terminal domain, and has a C-terminal domain which shows only minor identity with those of hnRNP A1 and hnRNP A2\B1. The RBD is present in a large number Abbreviations used : CAT, chloramphenicol acetyltransferase ; CBF-A, CArG-binding factor A ; CR2, complement receptor 2 ; CRE, cAMP response element ; EMSA, electrophoretic mobility shift assay ; ERE-BP, oestrogen response element-binding protein ; hnRNP, heterogeneous nuclear ribonucleoprotein ; RBD, RNA-binding domain ; TBP, TATA-binding protein. 1 To whom correspondence should be addressed : Department of Cellular Injury, Walter Reed Army Institute of Research, 503 Robert Grant Ave., Bldg. 503, Rm. 1A32, Silver Spring, MD 20910-7500, U.S.A. (e-mail mtolnay!hotmail.com).
Experiments using peptide-specific antisera supported the importance of the 24-amino-acid region in DNA binding, and suggested the involvement of the 19-amino-acid alternative insert which is present in isoforms B and D. The N-terminus had an inhibitory effect on binding of hnRNP D0 to single-stranded, but not to double-stranded, DNA. Although both recombinant hnRNP D0B and D0D bound DNA, only the B isoform recognized DNA in i o. We propose that the B isoform of hnRNP D0 functions in the nucleus as a DNA-binding transactivator and has distinct transactivator and DNA-binding domains.
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of RNA-binding proteins, and consists of approx. 90 amino acids. It contains a highly conserved ribonucleoprotein consensus sequence of eight amino acids (RNP-1) and a less well conserved sequence of six amino acids (RNP-2) [19, 20] . The RBD consists of a four-stranded antiparallel β sheet with two α helices packed against one face of the sheet [21] [22] [23] . The RNP-1 and RNP-2 motifs lie in the middle of the two central β sheets and probably provide general RNA-binding activity. Only one RBD of hnRNP D0 is required for the specific recognition of UUAG RNA sequences, and the sequence preference is modified by the presence of the 19-amino-acid insertion [12] . The binding of the shortest isoform of hnRNP D0, which lacks both alternative exons, to the AU-rich element of c-fos mRNA requires both RBDs, as well as parts of the C-and N-termini for highest affinity [3] . Although these studies have provided some information on the mechanism of RNA binding of hnRNP D0, there is no information on its DNA-binding characteristics.
Besides hnRNP D0, of all hnRNP proteins only E2BP [13] , the oestrogen response element-binding protein (ERE-BP) [24] and the CArG-binding factor A (CBF-A) [25] are known to bind double-stranded DNA. Quite remarkably, all three proteins display very high identity with hnRNP D0, and all of them have been suspected to regulate gene expression. E2BP, a hepatomacell-specific human protein that has a 237-amino-acid-long region completely identical to hnRNP D0B, was found to activate the second enhancer of the hepatitis B virus. The ERE-BP, which was cloned from owl monkeys, is similar to hnRNP D0, because the N-terminal part, with the exception of four amino acid substitutions, is identical to human hnRNP D0B. ERE-BP contains an extended 52-amino-acid-long C-terminus due to a base insertion at the stop codon corresponding to the human gene. The ERE-BP was found to bind to double-stranded ERE (oestrogen response element) half-sites and to compete with the oestrogen receptor for ERE binding, thus negatively influencing gene expression. CBF-A is a ubiquitous murine protein that binds to double-stranded CArG-box motifs, as well as to singlestranded DNA and RNA, and functions as a transcriptional repressor. As of now, the only hnRNP that has been proved to possess a transactivator domain is hnRNP K, which is involved in the transcription of the c-myc gene and preferentially binds single-stranded DNA [26, 27] .
We have previously cloned the B isoform of hnRNP D0, by virtue of its binding to a human CR2 promoter-defined motif. This motif can independently drive the transcription of a reporter gene and is recognized by hnRNP D0B in a specific manner with high affinity [6] . In addition, hnRNP D0 interacts with the TBP, suggesting that it comes into proximity with the transcription machinery [7] . The experiments reported in the present paper clearly demonstrate that hnRNP D0 has a transactivator domain, and that a 24-amino-acid region located in the C-terminus of the protein mediates its DNA binding.
EXPERIMENTAL

Cloning of GAL4-hnRNP D0 fusion proteins and truncated hnRNP D0B, and purification of recombinant proteins
PCR products corresponding to amino acids 2-305 of human hnRNP D0B, amino acids 2-354 of human hnRNP D0D or truncated forms of hnRNP D0B were cloned directionally into the BamHI and KpnI sites of the pSG424 vector [28] (a gift from Dr Mark Ptashne, Memorial Sloan Kettering Cancer Center, New York, NY, U.S.A.), which contains the coding sequence for the DNA-binding domain of GAL4 (residues 1-147) in a mammalian expression vector. The fusion proteins contained a PQLPGIL linker peptide. Sequences have been verified by DNA sequencing. The GAL4-CAT (chloramphenicol acetyltransferase) reporter plasmid has been generated by cloning a synthetic oligonucleotide containing two (CGGAGGACAG-TACTCCG) GAL4 sites into the pBL-CAT8j plasmid [29] . All plasmids used for transfection were purified on columns from Qiagen (Valencia, CA, U.S.A.).
We used PCR to obtain desired fragments of the coding sequence of hnRNP D0B, and cloned them into the pET-21 vector (Novagen, Madison, WI, U.S.A.), together with a His ' tag. The following proteins were constructed : hnRNP D0B-(70-306), hnRNP D0B-(1-257), hnRNP D0B-(26-306), hnRNP D0B-(1-281) and hnRNP D0B-(70-257). Sequences were verified by DNA sequencing. Vectors expressing complete hnRNP D0B or hnRNP D0D were obtained from Dr F. Ishikawa (Tokyo Institute of Technology, Yokohama, Japan). Recombinant truncated hnRNP D0B was produced in BL21(DE3)pLysS bacteria (Novagen), and proteins were purified on Ni# + columns (Novagen), as suggested by the manufacturer. Purified proteins were subjected to SDS\PAGE, and the concentration of each protein was estimated by Coomassie Blue staining.
Cell cultures
IM-9 B lymphoblastoid cells (American Type Culture Collection, Rockville, MD, U.S.A.) were cultured in the presence of RPMI 1640 (Gibco BRL, Grand Island, NY, U.S.A.) containing 10 % (v\v) fetal bovine serum (Gibco BRL), 2 µM -glutamine, 100 units\ml penicillin and 100 µg\ml streptomycin.
DNA transfection and reporter gene analysis
Plasmid DNA was introduced into IM-9 B lymphoblastoid cells by electroporation, using a Bio-Rad Gene Pulser (Bio-Rad, Hercules, CA, U.S.A.). We used 10 µg of expression plasmid and 2.5 µg of reporter plasmid for 5i10' cells in 0.25 ml of RPMI 1640 medium containing 10 % (v\v) fetal bovine serum, in a 0.4 cm electroporation cuvette at settings of 250 V and 960 µF (time constants obtained were 38-41). Cells were subsequently washed and cultured for 29 h, then treated with dibutyryl cAMP (Sigma, St. Louis, MO, U.S.A.) and PMA (Sigma) for 16 h, or left untreated. Freeze-thaw lysates were assayed for CAT activity, as described [6] .
Electrophoretic-mobility-shift assay (EMSA)
Nuclear proteins from IM-9 B cells were obtained as described [6] . EMSAs were performed as described [7] . Sequences of oligonucleotides (from Gibco BRL) used in EMSAs are the following (only sense strands are listed, except when antisense was used single-stranded) : specific oligonucleotide defined by the CR2 promoter, TTCTGTAGAGATTACTTCAAAATA-AAGA ; antisense strand of specific oligonucleotide, TCTT-TATTTTGAAGTAATCTCTACAGAA ; 20-base-long specific oligonucleotide, TAGAGATTACTTCAAAATAA ; mutated oligonucleotide 1 (mutated bases underlined), TAGAGATGAC G-TCAAAATAA ; mutated oligonucleotide 2, TAGAGATTA-GTGCAAAATAA ; CRE (cAMP response element) oligonucleotide, ATTGCCTGACGTCAGAGAGC. We used 0.1 µg of poly(dI-dC):poly(dI-dC) per sample with recombinant proteins, and 0.5 µg of poly(dI-dC):poly(dI-dC) per sample with nuclear proteins. In supershift experiments, 1 µl of anti-peptide serum or serum specific to hnRNP D0 (a gift from Dr Gary Brewer, Bowman Gray School of Medicine, Wake Forest University, Winston-Salem, NC, U.S.A.) was added immediately after addition of labelled oligonucleotide, then incubated for 20 min at 25 mC. All sera had been dialysed extensively using 100 000-M r cut-off filters. Gels were analysed using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, U.S.A.).
Production of anti-peptide sera
The following hnRNP D0-defined peptides were synthesized by Research Genetics (Huntsville, AL, U.S.A.) : peptide 1, DEGHSNSSPRHSE ; peptide 2, YQQQQQWGSRGGF ; peptide 3, GRARGRGGDQQSG ; peptide 4, NSQGYGGYGGY-DY. Cocalico Biologicals (Reamstown, PA, U.S.A.) raised antipeptide sera in rabbits. ELISA titres of all sera were higher than 100 000.
Western blots
Western blots were performed as described [7] . Anti-peptide sera were used at 300-fold dilution, whereas the anti-(hnRNP D0) serum was used at 2000-fold dilution.
RESULTS hnRNP D0 possesses a transactivator domain
We have reported previously that a DNA motif of the human CR2 promoter is recognized by hnRNP D0 and drives transcription of a reporter gene [6] , and that hnRNP D0 interacts hnRNP D0 is a DNA-binding transactivator Table 1 hnRNP D0 possesses significant transactivating capacity IM-9 B cells were co-transfected with vectors expressing GAL4-(1-147)-hnRNP D0B-(2-305), GAL4-(1-147)-hnRNP D0D-(2-354) or GAL4-(1-147) alone, and a CAT reporter plasmid driven by two GAL4 sites. After transfection, cells were cultured for 29 h, and then were treated with 1 mM dibutyryl cAMP and 100 ng/ml PMA for 16 h, or left untreated (no stimulus). Acetylated products of [ 14 C]chloramphenicol were separated on TLC plates. Values represent fold increases relative to GAL4-transfected cells without stimulus, and are meanspS.E.M. P values are shown for comparisons with the corresponding GAL4-expressing control (stimulated and non-stimulated samples were considered separately), using an unpaired Student's t-test, assuming unequal variances and a two-tailed distribution.
Expressed protein
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with the TBP in i o [7] . These observations convinced us to propose that hnRNP D0 regulates transcription. Despite the fact that hnRNP D0 is present at a very high concentration (250-400 nM) in B cell nuclei and displays high affinity for its cognate recognition site [7] , the binding of another factor to the CR2 promoter-defined DNA motif can be held responsible for inducing transcription. Therefore we performed experiments to prove directly that hnRNP D0 itself possesses a transactivator domain. Because we were unable to find a cell type that is negative for hnRNP D0, and since expression of hnRNP D0 over the very high level of endogenous protein was not feasible (results not shown), we cloned a chimaeric protein containing the DNAbinding domain of GAL4 and the whole of hnRNP D0, separated by a flexible linker peptide. Increased transcription of a reporter gene driven by GAL4 sites is due to the transactivator domain of the fusion partner, if it has one, because no mammalian factor recognizes the DNA-binding motif of the yeast GAL4 protein.
Since B cells express the B and D isoforms of hnRNP D0 at equally high concentrations [7] , we cloned two fusion proteins, containing each of these isoforms, into expression vectors. We co-transfected B cells with the expression vector and a CAT reporter plasmid that was driven by two GAL4 sites, and measured the level of CAT expression after 45 h. We found that overexpression of chimaeric proteins containing hnRNP D0B or hnRNP D0D resulted in markedly increased CAT activity (Table  1 , unstimulated samples). These data provide direct proof that both the B and D isoforms of hnRNP D0 possess a transactivator domain. Next, we cloned truncated hnRNP D0B proteins fused to GAL4 in order to define the transactivator domain. Removal of the N-terminal 70 amino acids did not reduce the transactivator potential of hnRNP D0B significantly ( Table 2 , unstimulated samples). Additional truncation of the C-terminal 49 amino acids [hnRNP D0B-(70-257)] still did not affect the ability of the protein to transactivate. We next considered that the 19-aminoacid-long alternative insert that corresponds to amino acids 79-97, which is present in isoforms B and D of hnRNP D0 but not in other isoforms, may encode the transactivator domain. Indeed, removal of amino acids 70-98 of the protein [hnRNP D0B-(99-306)] reduced its ability to transactivate by more than 70 %.
We have shown previously that treatment of B cells with the protein kinase A activator cAMP and the protein kinase C activator PMA increased the transcription of a reporter gene driven by the CR2-defined motif [6] . Therefore we asked whether the transactivating activity of hnRNP D0 is regulated by protein kinases. We treated B cells transfected with plasmids expressing the GAL4-hnRNP D0 fusion proteins with PMA and a cellpermeable cAMP analogue, dibutyryl cAMP, and observed that such treatment clearly increased CAT activity over that of unstimulated cells (Table 1) . However, GAL4-expressing control cells were stimulated as well. Removal of the transactivator domain of hnRNP D0B [hnRNP D0B-(99-306)] greatly reduced its ability to transactivate in cells stimulated with PMA and dibutyryl cAMP ( Table 2 , stimulated samples).
Amino acids 258-281 of hnRNP D0B are critical for DNA binding
In order to identify regions of hnRNP D0B that are involved in binding to double-stranded DNA, we cloned several truncated hnRNP D0B proteins with parts of the N-and\or C-termini removed. In preliminary experiments we found that the tandem RBD [hnRNP D0B-(70-257)] is not able to bind DNA, and therefore we focused on regions outside the RBD. Furthermore, we did not remove any part of the RBD, because each RBD forms a compactly folded structural unit, and the disturbance of these protein domains could abort DNA binding even if the amino acids removed are not directly involved in DNA binding. The RBD, however, was found to be thermodynamically stable [12, 23] . A schematic representation of the truncated hnRNP D0B constructs used in the present study is shown in Figure 1(A) . Recombinant truncated hnRNP D0B proteins with a His ' tag on the C-terminus were produced in bacteria and purified. We compared by EMSA the ability of truncated proteins to bind to double-stranded DNA with that of full recombinant hnRNP D0B by using a synthetic double-stranded oligonucleotide recognized specifically by hnRNP D0B [7] . We found that removal of the N-terminal 25 or 69 amino acids had no effect on DNA binding of hnRNP D0B ( Figure 1B) . Removal of the C-terminal 25 amino acids partly reduced the ability of the protein to bind DNA. However, we could not detect any DNA binding with a truncated protein lacking the full C-terminus [hnRNP D0B-(1-257)].
These findings suggest that the first half of the C-terminus, i.e. amino acids 258-281, is critical for binding of hnRNP D0B to double-stranded DNA. However, it is possible that additional amino acids are important, or complement the sequence-specific interaction with DNA. Therefore we tested whether regions other than amino acids 258-281 are needed for sequence-specific DNA binding. We used several unlabelled oligonucleotides and compared their ability to block the interaction between labelled specific oligonucleotide and full hnRNP D0B or truncated proteins. We used two mutated oligonucleotides, which had two bases changed and had been shown previously to compete less efficiently than the specific oligonucleotide [7] , along with a nonspecific oligonucleotide that contained the consensus CRE. We found that the mutated and non-specific oligonucleotides were clearly less efficient than the specific oligonucleotide in competing for DNA binding of the full hnRNP D0B protein, as well as that of all the truncated proteins that could bind DNA ( Figure 1C ).
These results suggest that no region of the N-or C-terminus, other than amino acids 258-281, is needed for highly sequencespecific recognition of double-stranded DNA.
We have shown previously that hnRNP D0B can also bind single-stranded DNA [7] . Hence we asked whether the same region of hnRNP D0B that is involved in binding doublestranded DNA is also responsible for binding single-stranded DNA. Using the antisense strand of the specific oligonucleotide as a labelled probe, we detected efficient binding of truncated protein, suggesting that the first 25 amino acids of hnRNP D0B have a negative effect on binding to single-stranded DNA.
Mapping of DNA-binding regions of hnRNP D0B using anti-peptide antibodies
The use of truncated proteins to identify functionally important regions of a protein always involves uncertainty about the proper folding and conformation of the truncated protein. Removal of one part of a protein may affect the thermodynamic stability of the protein or alter the conformation of more distant regions. We decided to use synthetic peptides representing selected segments of hnRNP D0B to raise anti-peptide antibodies and to determine whether these can interfere with DNA binding of the full recombinant protein. This approach eliminates concerns about proper folding and conformation of proteins that were truncated without information on their three-dimensional structure. We would like to point out that only peptides with certain physicochemical characteristics are suitable for synthesis and immunization, and thus we were restricted in our selection of hnRNP D0-derived peptides. The designed peptides are shown in Figure 2(A) .
Two rabbits (a and b) were immunized with each peptide, and the specificities of sera were tested in Western blots. Sera antiP1a (peptide 1, rabbit a), anti-P4a and anti-P4b did not recognize hnRNP D0 proteins in Western blots (results not shown), but were effective in EMSAs, suggesting that they preferentially recognize non-denatured protein. The results obtained with the
Figure 3 Anti-peptide sera interfere with DNA binding of recombinant hnRNP D0 or nuclear protein
A portion of 2 ng of recombinant hnRNP D0B (A) or hnRNP D0D (B), or 0.3 µg of nuclear protein obtained from IM-9 B cells (C), was mixed with 20 fmol of specific labelled doublestranded oligonucleotide, then 1 µl of anti-peptide rabbit serum or pre-immune serum was added as indicated, followed by analysis by EMSA. Anti-P1a refers to peptide 1, rabbit a ; and so on.
remaining sera and a control serum, which was obtained by immunizing a rabbit with the full protein, are shown in Figure  2 (B). The B and D isoforms of hnRNP D0 are the dominant alternatively spliced forms in the B cell nucleus and they are present in similar quantities (see also [7] ). As expected, anti-P1b, anti-P2a and anti-P2b sera recognized both the B and D isoforms of hnRNP D0. Anti-P3a and anti-P3b sera, produced against peptide 3, which is discontinuous in the longer D isoform, recognized only hnRNP D0B.
Following the verification of the specificity of the sera, we performed EMSAs to determine the ability of sera to interfere with DNA binding of hnRNP D0B. We found that all sera raised against peptides 1, 2 and 3, defined by hnRNP D0B, diminished the formation of the shifted protein-DNA complex, indicating that they recognized hnRNP D0B ( Figure 3A) . However, only the addition of anti-P3a and anti-P3b sera, produced against peptide 3, resulted in the appearance of a supershifted antibodyprotein-DNA complex, suggesting that binding of an antibody molecule to the epitope corresponding to peptide 3 still allows interaction of hnRNP D0B with DNA, whereas binding of antibody to epitopes corresponding to peptides 1 or 2 interferes with DNA binding of the protein. Similar results were obtained with anti-P1 and anti-P2 sera using recombinant hnRNP D0D (results not shown). Unexpectedly, all pre-immune sera contained a protein other than hnRNP D0 proteins that recognized the specific oligonucleotide (data are shown for pre-immune serum anti-P4a in Figure 3A , two right lanes). As expected, sera produced against peptide 4 (anti-P4a and anti-P4b), which is present only in the longer D isoform of hnRNP D0, did not interfere with DNA binding of hnRNP D0B. Nevertheless, anti-P4 sera supershifted the hnRNP D0D-DNA complex, indicating the specificity of the sera and suggesting that the region corresponding to peptide 4 is not involved in DNA binding ( Figure  3B ). Anti-P3 sera did not affect DNA binding of hnRNP D0D (data for serum anti-P3a are shown in Figure 3B) , demonstrating that the anti-P3 and anti-P4 sera are specific for the B and D isoforms respectively of hnRNP D0. Using these sera, we tested which isoform of hnRNP D0 recognizes the specific oligonucleotide from total B cell nuclear extracts. Remarkably, we found that the B isoform of hnRNP D0 preferentially recognized the oligonucleotide from B cell nuclear extracts ( Figure 3C ).
DISCUSSION
hnRNP D0 is an abundant, ubiquitous protein that can bind to RNA as well as to double-and single-stranded DNA sequences in a specific manner. Its role in regulating the half-life of mRNA species containing an AU-rich element is well characterized [3, 4] . Although it is more abundant in the nucleus than in the cytoplasm [30] , no nuclear function has been assigned to hnRNP D0. We recently demonstrated that hnRNP D0 binds to double-stranded DNA in a sequence-specific manner, and suggested that it regulates gene expression [6, 7] . In the present study we have determined that hnRNP D0 possesses transactivating activity that is linked to an N-terminal region, and we have identified a unique C-terminal region in the protein that is critical for DNA binding.
Fusion protein constructs containing the DNA-binding domain of GAL4 and the B or D isoforms of hnRNP D0 increased the transcriptional activity of a CAT reporter gene driven by GAL4 recognition sites. Because no mammalian protein binds to GAL4 recognition sites, determination of the potential transactivating activity of the fused partner is possible. This experimental system has been used extensively to determine directly whether a protein can influence transcription [26, 28, 31] . We found that hnRNP D0 was able to transactivate the GAL4-driven reporter 3-4-fold. The fold increase in transactivation detected in our experiments is similar to that observed with E2BP [13] and hnRNP K [26] , the other two known hnRNPs with positive transactivator potential. We fused truncated forms of hnRNP D0B to GAL4 in order to locate the transactivator domain. We found that the tandem RBD [hnRNP D0B-(70-257)] still possessed full transactivating ability. However, removal of the N-terminal 29 amino acids of RBD1 [hnRNP D0B-(99-306)] reduced the transactivating capacity to 28 % of that of the full protein. The region that we found to be critical for transactivation includes the 19-amino-acid alternative insert present in isoforms B and D. It is attractive to consider this alternative insert as a modular unit that lends the ability to transactivate to those isoforms of hnRNP D0 that contain it. The transactivating ability of hnRNP D0 is likely to depend on its reported interaction with the TBP [7] . The TBP is the DNA-binding subunit of the TFIID multiprotein complex, which recruits RNA polymerase II and initiates transcription. Several transcription factors which have an RBD, among them hnRNP K [32] and hTAF II 68 [33] , have been shown to interact with the TBP.
We had shown previously that protein kinase A and protein kinase C activators increased the transcription of a reporter gene driven by the CR2-defined motif to which hnRNP D0 binds specifically [6] . It is unclear, however, if phosphorylation by protein kinase A and protein kinase C influences the transactivating ability of hnRNP D0. Although stimulation of these signalling pathways markedly increased reporter gene expression in cells expressing GAL4-hnRNP D0 (Table 1) , stimulation increased reporter gene expression of control samples as well. Protein kinase C, protein kinase A and casein kinase II phosphorylate hnRNP A1 in itro, and it has been shown that its phosphorylation state affects its ability to interact with RNA [34, 35] . hnRNP A2 is also phosphorylated by casein kinase II [36] . Finally, the DNA-binding activity of LR1, a nucleolinhnRNP D0B heterodimer present in B cells, is phosphorylationdependent [11] .
The present study is the first to dissect the features of binding to double-stranded DNA of any hnRNP. We found, using bacterially expressed truncated proteins, that the tandem RBDs of hnRNP D0B (amino acids 70-257) do not bind doublestranded DNA in the absence of an additional 24-amino-acid region (amino acids 258-281) of the C-terminus adjacent to the RBDs. This segment of the protein is sufficient to impart DNA binding that is highly sequence-specific. The N-terminal 69 amino acids of hnRNP D0B are not involved in binding to doublestranded DNA. In most studies investigating the RNA binding of hnRNP D0B [12, 23] and other homologous proteins [22, 37] , one RBD was found to be sufficient for sequence-specific binding. Two independent rabbit sera produced against a peptide comprising residues 263-275, located at the centre of the 24-aminoacid region, blocked the DNA binding of hnRNP D0B, supporting data obtained with truncated proteins (Figure 1 ). Sera produced against amino acids 277-289 did not interfere with DNA binding, further refining the boundaries of the DNAbinding domain. The D isoform of hnRNP D0, which contains a 49-amino-acid alternative insert after amino acid 284, could bind DNA efficiently, indicating that the 49-amino-acid insert does not interfere with DNA binding. Supporting that observation, sera produced against the 49-amino-acid insert did not block DNA binding. We also produced sera against the 19-amino-acid alternative insert that was found to alter the sequence specificity of hnRNP D0 for RNA [1] and which is necessary for DNA binding of LR1 [8] . We found these sera to interfere with the DNA binding of hnRNP D0B, suggesting that the 19-aminoacid alternative insert plays a role in DNA binding, possibly due to its close proximity to the conserved RNP-2 motif. Notably, we found the 19-amino-acid insert to be involved in transactivation as well, raising the possibility that it may link DNA binding to transactivation.
A homology search of GenBank using the 24-amino-acid region (amino acids 258-281) that we identified to be critical in DNA binding found a number of proteins. E2BP [13] and the ERE-BP [24] are completely identical, whereas CBF-A [25] is 58 % identical, with hnRNP D0B in the 24-amino-acid region. Notably, these three proteins are the only hnRNP proteins, besides hnRNP D0, that have been reported to bind specifically to double-stranded DNA sequences. The rat hnRNP C-type protein [38] , which has been reported to bind double-stranded DNA non-specifically, also displays complete identity with hnRNP D0B in the 24-amino-acid region. Notably, differences between the human and murine hnRNP D0 proteins, with the exception of two amino acid substitutions in the 19-amino-acid insert, are restricted to the N-terminal region that we found not to be involved in binding to double-stranded DNA. In conclusion, the 24-amino-acid region is unique to a small group of hnRNPs that have been reported to bind double-stranded DNA ; the 19-amino-acid insertion is present in all of these proteins.
We have shown previously that hnRNP D0 can bind the sense and antisense strands of its cognate recognition motif [7] . Thus we investigated which regions of the protein are involved in binding to single-stranded DNA. Using truncated recombinant proteins, we found that binding to single-stranded DNA requires the same protein domains as binding to double-stranded DNA. Interestingly, however, the N-terminal 25 amino acids exerted a negative effect on binding to single-stranded DNA, but had no effect on binding to double-stranded DNA. Proteins interacting with the N-terminus of hnRNP D0 may mask this negative domain, thus increasing the affinity of hnRNP D0 for singlestranded DNA. We have reported that recombinant hnRNP D0 displayed a higher affinity for the sense and antisense strands of its cognate recognition motif than for double-stranded DNA, and predicted, on a theoretical basis, that this will result in melting of the double helix [7] . Binding of a regulatory protein to the N-terminus of hnRNP D0 would result in facilitated melting of the double helix, which in turn may contribute to the creation of a flexible single-stranded DNA region, in a fashion similar to that proposed for hnRNP K [39] .
From the results of experiments using isoform-specific sera, we conclude that only the B isoform of hnRNP D0, and not the D isoform, recognizes DNA in i o. However, both isoforms are present in the B cell nucleus, as determined by Western blot analysis ( Figure 2 and [7] ), and in recombinant form the B and D isoforms bind to oligonucleotides with similar affinity [7] . We speculate that the D isoform is modified secondarily, possibly on its extra 49-amino-acid insert that is very rich in tyrosine residues, and that the modified form cannot bind DNA. The 49-aminoacid insert is immediately adjacent to the 24-amino-acid region that we found to be critical in DNA binding. It is possible that the different isoforms of hnRNP D0 participate in separate cellular processes. Primarily, the isoforms lacking the 19-aminoacid insert were shown to regulate mRNA stability in i o [40] , whereas we demonstrated the involvement of the 19-amino-acid insert in transactivation. We propose that the B isoform, which has the 19-amino-acid insert involved in DNA binding and transactivation but lacks the 49-amino-acid insert, participates in transcriptional regulation.
hnRNP D0 has been demonstrated to interact with nucleolin [8] , TBP [7] , αCP1 [4] and heat-shock protein 70 [41] . Considering the multiple protein and nucleic acid contacts of hnRNP D0, together with its abundance, hnRNP D0 may play a central role in balancing transcription, RNA stability and possibly other cellular functions.
